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A recent measurement of 4He photodisintegration reactions, 4He(γ,p)3H and 4He(γ,n)3He with
laser-Compton photons shows smaller cross sections than those estimated by other previous exper-
iments at Eγ <∼ 30 MeV. We study big-bang nucleosynthesis with the radiative particle decay using
the new photodisintegration cross sections of 4He as well as previous data. The sensitivity of the
yields of all light elements D, T, 3He, 4He, 6Li, 7Li and 7Be to the cross sections is investigated.
The change of the cross sections has an influence on the non-thermal yields of D, 3He and 4He. On
the other hand, the non-thermal 6Li production is not sensitive to the change of the cross sections
at this low energy, since the non-thermal secondary synthesis of 6Li needs energetic photons of
Eγ >∼ 50 MeV. The non-thermal nucleosynthesis triggered by the radiative particle decay is one of
candidates of the production mechanism of 6Li observed in metal-poor halo stars (MPHSs). In the
parameter region of the radiative particle lifetime and the emitted photon energy which satisfies the
6Li production above the abundance level observed in MPHSs, the change of the photodisintegration
cross sections at Eγ <∼ 30 MeV as measured in the recent experiment leads to ∼ 10 % reduction of
resulting 3He abundance, whereas the 6Li abundance does not change for this change of the cross
sections of 4He(γ,p)3H and 4He(γ,n)3He. The 6Li abundance, however, could show a sizable change
and therefore the future precise measurement of the cross sections at high energy Eγ >∼ 50 MeV is
highly required.
PACS numbers: 25.10.+s, 26.35.+c, 98.80.Cq, 98.80.Es
I. INTRODUCTION
In standard cosmology, the universe is thought to have
experienced big-bang nucleosynthesis (BBN) at a very
early stage. The light nuclides D, T+3He, 4He and
7Li+7Be are produced in the standard BBN (SBBN) at
observable levels, while this model does not make ap-
preciable quantities of 6Li. The Wilkinson Microwave
Anisotropy Probe (WMAP) satellite has measured the
temperature fluctuations of the cosmic microwave back-
ground (CMB) radiation, and parameters characterizing
the standard big bang cosmology have been deduced [1, 2]
from these data. For the baryon-to-photon ratio ηCMB
deduced from fits to the CMB, the BBN model pre-
dicts abundances of the light elements except for 6Li and
7Li which are more-or-less consistent with those inferred
from astronomical observations.
Spectroscopic lithium abundances have been detected
in the atmospheres of metal poor stars. Nearly constant
abundances of 6Li and 7Li in metal-poor Population II
(Pop II) stars have been inferred. There is about a factor
of three under-abundance of 7Li in metal-poor halo stars
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(MPHSs) with respect to the SBBN prediction when us-
ing the baryon-to-photon ratio ηCMB. This is called the
7Li problem [3, 4, 5]. In addition, spectroscopic mea-
surements obtained with high resolution indicate that
MPHSs have a very large abundance of 6Li, i.e. at a level
of about 3 orders of magnitude larger than the SBBN
prediction of the 6Li abundance, which is called the 6Li
problem [5, 6]. Cayrel et al. [7] studied line asymmetries
to be generated by convective Doppler shifts in stellar
atmospheres, and found that the convective asymmetry
might mimic the presence of 6Li and an error of 6Li/7Li
amounts to a few percent that is roughly comparable
to the values estimated from MPHSs. The 6Li prob-
lem, therefore, may not exist in fact, since the convective
asymmetry could give a possible solution to the 6Li prob-
lem within the framework of SBBN.
The possibility of 6Li production in non-standard BBN
triggered by the decay of unstable relic neutral mas-
sive particles X has been studied [8, 9, 10, 11, 12, 13,
14, 15, 16]. Several critical constraints on the prop-
erties of X particles were derived from the studies of
radiative decay [9, 10, 11, 12], hadronic decay or anni-
hilation [13, 14, 15, 16] of X particles along with the
BBN constraints on the light elements. These particle
decay induces electromagnetic and/or hadronic showers
triggering the destruction of preexisting nuclei and the
production of different nuclear species. A recent de-
2tailed study [12] of the radiative decay and its influence
on the 6Li production has found a parameter region of
lifetime τX ∼ 108 − 1012 s and abundance parameter
ζX ∼ 10−13 − 10−12 GeV where the non-thermal nu-
cleosynthesis of 6Li can explain the observed abundance
level in MPHSs. This parameter region satisfies the two
observational constraints on the CMB energy spectrum
and the primordial light element abundances. Three im-
portant characteristics were found for the interesting pa-
rameter region. First, 3He and t are the seeds for 6Li
in the processes 4He(3He,p)6Li and 4He(t,n)6Li. Second,
the excess of 6Li abundance is therefore regulated by the
amounts of 3He and t which are produced by the non-
thermal photodisintegration of 4He, i.e. 4He(γ,p)3H and
4He(γ,n)3He. Hence, the radiative decay model which re-
sults in 6Li-production above the MPHS abundance level
is also reflected by an enhancement of the 3He abundance
with respect to the SBBN value. Third, the radiative
decay does not resolve the 7Li problem [17]. It is there-
fore concluded that other mechanisms such as the stellar
depletion of the lithium isotopes in the atmosphere of
MPHSs [19, 20] or new burst of late-time BBN on the
exotic X-bound nuclei in the case of negatively-charged
leptonic particles X− [21, 22, 23, 24, 25, 26, 27, 28, 29,
30, 31, 32, 33, 34, 35] must operate to lower the 7Li
abundance.
A recent measurement of 4He photodisintegration reac-
tions, 4He(γ,p)3H and 4He(γ,n)3He with laser-Compton
photons [36] shows much smaller cross sections than those
estimated from the other previous experiments [37] and
those summarized in Ref. [11] at the photon energies
20 MeV <∼ Eγ
<
∼ 30 MeV. If these non-thermal photon
energies dominate the destruction of 4He, the production
of 3He and t and also the subsequent production of 6Li
via 4He(3He,p)6Li and 4He(t,n)6Li, this would change the
parameter region of τX and ζX of massive relic particles
X so that the resultant non-thermal nucleosynthesis of
6Li can explain the abundance level observed in MPHSs.
The first purpose of this article is to study the sensitivity
of non-thermal BBN of all light elements D, T, 3He, 4He,
6Li, 7Li and 7Be to the photodisintegration cross sections
of 4He. The second purpose is to infer the uncertainties
of the two parameters τX and ζX of massive relic parti-
cles X which would arise from the uncertainties of the
measured reaction cross sections.
In Sec. II we present a result of a new measurement
of 4He photodisintegration cross sections. In Sec. III we
briefly explain the model of non-thermal nucleosynthe-
sis and the calculated result of the effect of the consid-
ered change of the photodisintegration cross sections. In
Sec. IV we summarize our conclusion and offer an outlook
for measurements of 4He photodisintegration.
II. 4He(γ,p)3H AND 4He(γ,n)3He CROSS
SECTIONS
So far the cross section data of the photodisintegration
of 4He have been obtained from the direct photodisin-
tegration experiments as well as the inverse radiative
capture experiments. Indirect probes such as the (p,p′)
reaction [38] and the (7Li,7Be) reaction [37] have also
been applied to investigate the property of the dipole
excitations of 4He.
The direct experiments have been performed by
detecting either charged fragments (p, 3H, 3He) or
neutrons from the photodisintegration reactions.
As incident real photon beams, either continuous
bremsstrahlung photons or quasi-monochromatic ones
generated with various methods such as the photon
tagging, the positron annihilation in flight, and the
laser Compton-backscattering were used. Since the
energies of the emitted particles are small due to
high threshold energies of the photodisintegrations of
4He, many efforts have been devoted to detect those
particles clearly from the backgrounds caused by the
incident high-energy γ-rays. In the inverse experiments,
the reaction cross sections are much smaller than the
photodisintegrations because of the difference of the
phase space factors, and therefore the measurements
have been performed with great care to the influence
of the background γ-rays as well as the determinations
of the experimental parameters such as the detector
efficiency for high-energy capture γ-rays, the effective
target thicknesses, the incident beam intensity, and so on.
In spite of the above experimental efforts, there
have been large discrepancies in the previous data as
shown in Fig. 1. Especially in the energy region below
∼ 30 MeV, the data show either a pronounced peak
at around 25−26 MeV or a rather smooth curve as a
function of the excitation energy. In order to determine
the cross sections more accurately, Shima et al. recently
performed measurements using quasi-monochromatic
laser-Compton photons and a time projection cham-
ber (TPC) containing a gas mixture of He and CD4
[36, 39, 40]. The method had the following features:
· Thanks to the quasi-monochromatic and well-collimated
γ-ray beam, the background due to low-energy γ-rays is
very small.
· Since the TPC gas serves as an active target, low-energy
charged fragments from the photodisintegrations can be
detected simultaneously for 4He(γ,p) and 4He(γ,n) with
efficiencies of nearly 100% and a solid angle of 4pi.
· The absolute sensitivity of the measurement can be
accurately checked with the D(γ,n)p reaction, whose
cross section is well known in the energy region of the
present interest.
Previously Shima et al. measured the cross sections
in the γ-ray energy region from 20 to 30 MeV using the
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FIG. 1: The cross sections of the 4He(γ,p)3H (upper panel: a)
and 4He(γ,n)3He (lower panel: b) reactions. The open circles
stand for the published data [36] from experiments performed
using quasi-monochromatic laser-Compton photon beams at
AIST. The dotted circles are the latest data of the (γ,n) reac-
tion measured by means of a tagged photon beam [41]. The
other symbols indicate the previous data (see the references
in Ref. [36]). The error bars show 1σ uncertainties in the
cross section data. The solid curves are the most probable
excitation functions determined from the experimental data
at Eγ <∼ 30 MeV [36] and the previous ones at higher ener-
gies 30 MeV <
∼
Eγ <∼ 116 MeV [42, 43, 44]. The dash-dotted
curves are the fitting functions to some of the available data
summarized in Ref. [11].
laser-Compton γ-ray source at the National Institute of
Advanced Industrial Science and Technology (AIST) [36].
As shown in Fig. 1, the cross sections from the experi-
ments are found to monotonically increase as a function
of the γ-ray energy up to ∼ 30 MeV, being quite different
from the standard fitting functions previously evaluated
by Cyburt et al. [11]. With the above mentioned sit-
uation in mind, the sensitivity of the BBN to the pho-
todisintegration cross sections of 4He was studied in the
present paper by using the recent experimental results as
well as the previously adopted standard fitting functions
in Ref. [11].
The present excitation functions were determined as
follows. Since no sharp resonance has been observed
in the excitation functions of the photodisintegration of
4He in the energy region up to ∼ 100 MeV, we assumed
the excitation functions can be approximated by a fitting
function in Ref. [11], i.e.,
σ(Eγ) = σc
|Q|a (Eγ − |Q|)b
Ea+bγ
. (1)
Three parameters, σc, a and b are determined by fitting
this functions to the data measured at AIST [36] and
the data measured at high energies of Eγ >∼ 30 MeV [42,
43, 44] by means of the χ2−minimization method. This
function is suitable for use in numerical calculation be-
cause it has no discontinuity and no divergence at high
energies. In this study we take published values for errors
of cross sections at all fitting procedures.
The most probable fitting functions for the cross sec-
tions of the 4He(γ,p)3H and 4He(γ,n)3He reactions turn
out to be
σ(Eγ) = 128.9 mb
|Q|4.524 (Eγ − |Q|)2.512
E4.524+2.512γ
, (2)
and
σ(Eγ) = 31.68 mb
|Q|3.663 (Eγ − |Q|)1.580
E3.663+1.580γ
, (3)
respectively, and they are plotted in Fig. 1. Reaction Q-
values are taken from experiments as |Q| = 19.8139 MeV
and |Q| = 20.5776 MeV, respectively. We take these two
cross sections as our recommended cross sections in this
paper.
The dash-dotted curves are standard expressions from
Ref. [11]. Parameter values are given as σc = 19.5 mb,
a = 3.5 and b = 1.0 for 4He(γ,p)3H reaction, and σc =
17.1 mb, a = 3.5 and b = 1.0 for 4He(γ,n)3He reaction.
As another implementation, we fit all data adopted in
this study including the data measured at AIST [36] at
low energies of Eγ < 30 MeV and previous ones obtained
in other experiment. The fitting parameters turn out
to be σc = 61.82 mb, a = 4.300, and b = 1.756 for
4He(γ,p)3H reaction, and σc = 31.38 mb, a = 3.651, and
b = 1.583 for 4He(γ,n)3He reaction. The derived cross
sections are displayed in Fig. 2.
One can see in Fig. 1 and Fig. 2 that there is a large
dispersion in experimental data at low photon energies
of 20 MeV <∼ Eγ
<
∼ 40 MeV. This dispersion is much
larger than ±1σ deviation of any single fitting function.
We therefore adopt the above three functions in BBN
calculations and compare the calculated results with one
another in order to study the sensitivity of BBN with the
radiative particle decay to the 4He photodisintegration
reaction cross sections.
III. BBN OF THE LIGHT ELEMENTS
A. Model
We assume the creation of high energy photons from
the radiative decay of a massive particle X with a mass
MX and a mean life of τX = 10
2 − 1012 s. We represent
the emitted photon energy by Eγ0. We assume that the
decaying dark particle is non-relativistic, and almost at
rest in the expanding universe.
A decay-produced energetic photon interacts with the
cosmic background and induces an electromagnetic cas-
cade shower. The faster processes, pair production
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FIG. 2: (a) and (b) are the same as those in Fig. 1. The solid
curves and the short-dashed curves are the most probable ex-
citation functions determined from all data adopted in this
study including the experimental data at Eγ <∼ 30 MeV [36]
and the previous ones at whole energy range of Eγ <
116 MeV [37, 38, 41, 42, 43, 44]. The dash-dotted curves
are the same as in Fig. 1.
through background photons γbg (γγbg → e+e−) and
inverse Compton scattering of produced electrons and
positrons through background photons (e±γbg → e±γ),
produce electromagnetic showers and the non-thermal
photon spectrum realizes a quasi-static equilibrium [45,
46]. The attained zeroth generation photon spectrum
is [47],
pγ(Eγ) ≈


K0(EX/Eγ)
1.5 for Eγ < EX
K0(EX/Eγ)
2.0 for EX ≤ Eγ < EC ,
0 for EC ≤ Eγ
(4)
where K0 = Eγ0/
(
E2X [2 + ln(EC/EX)]
)
is a normaliza-
tion constant fixed by energy conservation of the injected
photon energy. This spectrum has a break in the power
law at Eγ = EX and an upper cutoff at Eγ = EC . We
take the same energy scaling with the temperature T of
the background photons as in [45], i.e. EX = m
2
e/80T
and EC = m
2
e/22T at the temperature T , where the cas-
cade spectrum was calculated by numerically solving a
set of Boltzmann equations. Here me is the rest mass of
an electron.
Because the rates of electromagnetic interactions are
faster than the cosmic expansion rate, the photon spec-
trum pγ(Eγ) is modified into a new quasi-static equilib-
rium (QSE). This distribution is given by
NQSEγ (Eγ) =
nXpγ(Eγ)
Γγ(Eγ)τX
, (5)
where nX = n
0
X(1+z)
3 exp(−t/τX) is the number density
of the decaying particles at a redshift z. The quantity Γγ
is the energy degradation rate through three slower pro-
cesses; Compton scattering (γe±bg → γe
±), Bethe-Heitler
ordinary pair creation in nuclei (γNbg → e+e−N), and
double photon scattering (γγbg → γγ) for the zeroth-
generation photons. We use this steady state approxima-
tion for the cosmic non-thermal constituent of photons.
The equation for the production and destruction of
nuclei by non-thermal photons is given by
dYA
dt
=
∑
T
NAC [Tγ]A YT −
∑
P
[Aγ]P YA, (6)
where we have defined the reaction rate
[Tγ]A=
n0γζX
τX
(
1
2Hrt
)3/2
exp(−t/τX)
×
∫ ∞
0
dEγS
QSE
γ (Eγ)σγ+T→A(Eγ),
(7)
and
SQSEγ (Eγ) =
τX
Eγ0nX
NQSEγ (Eγ). (8)
Yi ≡ ni/nB is the mole fraction of a particular nuclear
species i, and ni and nB are number densities of nu-
clei i and baryons. The first and second term on the
right-hand side are the source (γ + T → A + C) and
sink (γ + A → P + D) terms for nucleus A. Eγ is a
non-thermal photon energy. The cross section of the
process γ + T → A + C is denoted by σγ+T→A(Eγ).
Further we use NAC to represent the number of identi-
cal species of nuclei in a production or destruction pro-
cess; NAC = 2 when particles A and C are identical and
NAC = 1 when they are not. For example, in the process
4He(γ,d)D, NDD = 2. We defined Hr ≡
√
8piGρ0rad/3,
where the superscript 0 denotes present values (z = 0),
therefore n0γ and ρ
0
rad are the present photon number den-
sity and present radiation energy density of the cosmic
background radiation (CBR), respectively. We defined
ζX = (n
0
X/n
0
γ)Eγ0.
The equation describing the secondary production and
destruction is obtained by taking account of the energy
loss of nuclear species while propagating through the
background. In general, because of the high energy loss
rate, the primary particles establish a quasi-static equi-
librium. The abundance evolution is then represented
by
dYS
dt
=
∑
T,A,T ′
YTYT ′
NAX1NSX2
NAT ′
[T (A)T ′]S− (sink term),
(9)
where [T (A)T ′]S is the reaction rate for a secondary pro-
cess T (γ,X1)A(T
′, X2)S with any combination of par-
ticles X1, A, and X2. For example, [α(
3He)α]6Li for a
secondary process 4He(γ,n)3He(α,p)6Li is given by
[αα]6Li=
η(n0γ)
2ζX
τX
(
1
2Hrt
)3
exp(−t/τX)
5×
∫ E3He(EC)
Ep,th
dE3He
σ3He(α,p)6Li(E3He)β3He
b3He(E3He)
×
∫ EC
E
−1
3He
(E3He)
dEγS
QSE
γ (Eγ)σ3He(α,p)6Li(Eγ),
(10)
where η is the baryon-to photon ratio: η ≡ n0B/n
0
γ , and
βA is the velocity of the primary particle A. bA =
−dE/dt is the energy loss rate of the primary particle
by Coulomb scattering. EA(Eγ) is the energy of the
nuclide A produced by the photodisintegration process
γ+T → A, and E−1A (EA) is the energy of the non-thermal
photons which produce the primary species A with en-
ergy EA. EA(Eγ) and E
−1
A (EA) are derivable in the limit
of low energy scattering, where the relevant nuclei are
non-relativistic, i.e. E3He(Eγ) = (Eγ − Eγ,th)/4 and
E−13He(E3He) = 4E3He+Eγ,th, where Eγ,th is the threshold
energy of primary photodisintegration reaction.
B. Constraints on the radiative decay of long-lived
particles
We focus on the non-thermal production of mass 3 nu-
clides, 3H and 3He, and secondary production of 6Li. In
Fig. 3, photodisintegration cross sections of 4He(γ,n)3He
and 4He(γ,p)3H are shown as a function of non-thermal
photon energy Eγ (above threshold energy 20 MeV).
These cross sections are fitted with data from the laser-
Compton photon experiment (solid curves) and those
from Ref. [11] (dotted curves). Dashed line is the en-
ergy spectrum of non-thermal photon produced by the
radiative decay when the cosmic temperature is 10 eV
corresponding to the decay life τX ∼ 1010 s [12]. It is nor-
malized with respect to intensity at Eγ = 20 MeV. Since
the yield of non-thermally produced mass 3 nuclides is
proportional to the integration of the non-thermal pho-
ton spectrum times photodisintegration cross sections,
the change of photodisintegration cross sections at Eγ <∼
30 MeV has relatively large influence on the resulting 3He
abundance.
On the other hand, non-thermal secondary production
of 6Li is not affected by 4He photodisintegration cross
sections at low energies. When we consider the non-
relativistic limit of nuclear reactions, the center of mass
energy Ecm in
3He(α,p)6Li and 3H(α,n)6Li reactions is
given by
Ecm =
1
2
µv2 ∼
1
2
m3m4
m3 +m4
v23 ∼
4
7
E3, (11)
where µ, m3 and m4 are the reduced mass, the mass of a
nucleus 3A (t or 3He) and that of 4He, v and v3 are the
relative velocity and the velocity of 3A, E3 is the kinetic
energy of 3A, respectively. The energy of 3A generated
in primary 4He(γ,n)3He and 4He(γ,p)3H reactions, i.e.,
FIG. 3: The fitted cross sections of 4He(γ,n)3He and
4He(γ,p)3H with data from the laser-Compton photon exper-
iment at low energies of Eγ <∼ 30 MeV are shown by solid
lines above ∼ 20 MeV. The standard cross sections [11] are
also shown as dotted lines. Cross sections of secondary 6Li
production reactions 3H(α,n)6Li and 3He(α,p)6Li are super-
imposed. The energy spectrum of non-thermal photon pro-
duced by the radiative decay when the cosmic temperature
is 10 eV corresponding to the decay life τX ∼ 10
10 s is also
shown (dashed line), which is normalized with respect to in-
tensity at Eγ = 20 MeV.
E03 (≥ E3) is given by
E03 ∼
mp
m3 +mp
(Eγ − Eγ,th) ∼
1
4
(Eγ − Eγ,th), (12)
wheremp is the mass of proton and Eγ,th is the threshold
energy of 4He photodisintegration reaction. The center of
mass energy Ecm in the secondary reactions thus relates
to the non-thermal photon energy in primary reactions
as
Ecm <∼
Eγ − Eγ,th
7
. (13)
The inequality means that non-thermal 3He and 3H nu-
clides lose energies from a time of their production to a
time of nuclear reactions to produce 6Li. We plot the
cross sections of 3He(α,p)6Li and 3H(α,n)6Li reactions
as a function of Eγ neglecting the energy losses of
3He
and 3H in Fig. 3. Since secondary 6Li production needs
photon energy of at least Eγ >∼ 50 MeV to produce en-
ergetic 3He and 3H, the yield of 6Li is insensitive to the
change of the 4He photodisintegration cross section at
low energy of Eγ <∼ 30 MeV. (See Sec. IIIB1.) On the
other hand, a change of the cross section at high energies
of Eγ >∼ 50 MeV causes a change of resulting yield of
6Li (See Sec. IIIB2 for estimation of uncertainty on the
6Li yield associated with a possible uncertainties in cross
sections at high energies.)
6FIG. 4: Contours in the (τX , ζX) plane corresponding to
the adopted constraints for the primordial abundances in the
present calculation with smaller cross sections of 4He pho-
todisintegration Eqs. (2) and (3) (thick lines). Contours for
the mass fraction of 4He Y = 0.232 and the number ratios
of 3He/H=3.1 × 10−5, D/H=5.2 × 10−5, D/H=1.4 × 10−5
(dashed line), and 7Li/H=1.1 × 10−10 are shown. The no-
tation “over” and “low” identifies overproduced and under-
produced regions, respectively. The same constraints on the
result calculated with larger standard cross sections of 4He
photodisintegration [11] is shown as dotted lines. The region
above the thick solid line is excluded by the consistency re-
quirement of the CMB with a blackbody. The contour of
6Li/H=6.6× 10−12 is also drawn. The gray region above the
contour and below the nucleosynthesis plus CMB constraints
is the allowed region where the abundant 6Li is produced.
1. Effect of uncertainties from low energy reactions
Figure 4 shows contours corresponding to the con-
straints for the primordial abundance [12] for the present
result with our recommended smaller cross sections of
4He photodisintegration Eqs. (2) and (3) (thick lines).
For example, a contour of the 4He mass fraction Y >
0.232 is shown in the (τX ,ζX) plane. The region above
this contour should be excluded for Y < 0.232. The
contours of 7Li/H lower limit, 7Li/H> 1.1× 10−10, D/H
upper and lower limits, D/H≤ 5.2 × 10−5 and D/H≥
1.4 × 10−5 (dashed line), respectively, and 3He/H up-
per limit, 3He/H≤ 3.1 × 10−5 are also drawn. Dotted
lines show contours of the same constraints for the result
with larger standard cross sections of 4He photodisinte-
gration [11]. The thick solid line shows a constraint from
the consistency requirement of the CMB with a black-
body [12]. The region above the line is excluded. The
contour for the MPHSs level of 6Li/H=6.6 × 10−12 is
plotted. The gray region above the contour and below
the nucleosynthesis plus CMB constraints is allowed and
abundant in 6Li.
For this figure, we use the two sigma upper limit on the
observed 3He/H abundance ratio from Galactic HII re-
gion [48] as a conservative constraint on primordial abun-
dance. Alternatively a constraint from 3He/D ratio is
often used. Since deuterium is fragile and more easily
burned in stars than 3He is, the 3He/D ratio is thought
to increase monotonically as a function of time by stellar
processing from the formation of first stars to the solar
system formation. The 3He/D ratio for primordial abun-
dances can, therefore, be constrained by the solar 3He/D
ratio. Since the solar 3He/D ratio is (3He/D)⊙=0.82 [49],
one can obtain a constraint of 3He/D < 1 for primordial
abundances. Although this constraint is slightly stronger
than the constraint for the 3He/H ratio, the contours for
both constraints are not distinguishable from each other
in Fig. 4.
One can see that 7Li abundance does not change drasti-
cally by the new 4He photodisintegration cross sections.
The contour for the 4He over-destruction by the non-
thermal photons shifts upward by ∼ 300 % at most for
τX = 10
6 − 1010 s with respect to that with the larger
cross sections (dotted line). Since a destruction rate of
4He is lowered at low energies when its cross sections
are taken to be small, larger energy is necessary to de-
struct 4He considerably. The 4He destruction leads to
non-thermal production of 3He and D. Then, D over-
destruction regions, which are above the region of this
figure, shift upward reflecting the change of relic abun-
dance of seed nuclide 4He. The 3He overproduction re-
gion also shifts upward by ∼ 30 %. Since the cross sec-
tions of 4He(γ,p)3H and 4He(γ,n)3He are lowered, the
amount of produced mass 3 nuclides are lowered. One
finds an upward shift of D overproduction region. We
confirmed that this change is caused since D is produced
by p(n,γ)D using non-thermally produced neutrons by
4He(γ,n)3He, whose cross section changed. Figure 4
shows that the contour of 6Li abundance also changes
slightly by ∼ −20 % at most for τX = 106 − 1010 s,
but this change does not result from the change of
photodisintegration cross sections of 4He at low energy
Eγ <∼ 30 MeV. It is due to the difference of excitation
functions between our recommended fit and the standard
fit [11] at higher energy, Eγ >∼ 30 MeV. (See Fig. 3.) The
reason has already been explained at the beginning of
this section Sec. IIIB.
We pick up the most interesting parameter region,
where 6Li is produced at the level higher than that of
MPHSs. We take a look at the result of nucleosynthesis
of the parameters (τX , ζX)=(10
10 s, 3× 10−13 GeV) [12]
for this reason. In Fig. 5, the abundance of X particle
YX is shown as a function of the cosmic photon tem-
perature. It is normalized as YX/Y
0
X , where Y
0
X is the
initial abundance before the X-decay decreases its abun-
dance. As the indicator of energy amount injected by the
X decay at an epoch, we also plot
∣∣d(YX/Y 0X)/d ln t∣∣ =
t ×
∣∣d(YX/Y 0X)/dt∣∣ = (t/τX) exp(−t/τX). Most of the
energy content is injected in the time scale of τX . These
lines are for only the case of τX = 10
10 s.
Figure 6 shows the 3He and 3H abundances as a func-
tion of temperature T [T9 ≡ T/(109 K)] when parameters
are (τX , ζX)=(10
10 s, 3×10−13 GeV) (upper panel). The
results with our recommended and the standard cross
7FIG. 5: Time evolution of abundance of X particles YX/Y
0
X ,
where Y 0X is the initial abundance before X-decays. Also
shown is t×
∣∣d(YX/Y 0X)/dt∣∣ = (t/τX) exp(−t/τX), which char-
acterizes the amount of energy from the particle decay at time
t. The decay life is assumed to be τX = 10
10 s.
FIG. 6: (upper panel) Temperature (time) evolution of 3He
and 3H abundances when parameters are (τX , ζX)=(10
10 s,
3×10−13 GeV). The solid and dashed lines are the results for
our recommended and the standard cross sections of 4He pho-
todisintegration. (lower panel) Ratios of 3He and 3H abun-
dances calculated with our recommended cross sections to
those with the standard cross sections.
sections of 4He photodisintegration correspond to the
solid and dashed lines, respectively. An apparent reduc-
tion of non-thermally produced 3He abundance is found
in our recommended case. The resulting difference of
non-thermal yield of 3He is about 10 %.
2. Effect of uncertainties from high energy reactions
The measured 4He photodisintegration cross sections
are still subject to large uncertainties which depend on
the different experimental setup and methods over the
wide energy range. The energy dependence of the cross
sections is not well understood theoretically. If either
cross section of 4He(γ,p)3H or 4He(γ,n)3He in the energy
region of Eγ >∼ 50 MeV is different from the adopted
cross section, non-thermal BBN abundance of 6Li would
change significantly.
It should be noted here that the data below 30 MeV of
Shima et al. [36] are significantly smaller than previous
ones, and therefore one may expect enhancement of the
cross sections in the higher energy range from the well-
known Thomas-Reiche-Kuhn (TRK) sum rule, which re-
lates the energy-integrated cross section σ0 to the ground
state property of a target nucleus. The E1 sum rule is
expressed by
σ0 =
∫ ∞
Eth
σ(Eγ)dEγ = σTRK(1 + κ)
= 59.74(1 + κ) MeVmb, (14)
where σTRK = (2pi
2α/m)(NZ/A) with α, m, N , Z and A
the fine structure constant, the nucleon mass, the neutron
number, the proton number and the nucleon number,
respectively. κ is the so-called TRK enhancement factor
defined as
κ =
mA
NZ
〈0|[Dz, [V,Dz]]|0〉, (15)
where |0〉 is the nuclear ground state wave function, Dz
is the dipole operator Dz =
∑A
i=1 ziτ
3
i /2 with τ
3
i and zi
the third component of the isospin operator and the z-
coordinate of the ith particle in the center-of-mass frame,
respectively, V is the nuclear potential. There is an-
other sum rule, i.e. bremsstrahlung sum rule, which is
expressed by
σB =
∫ ∞
Eth
σ(Eγ)
Eγ
dEγ = 4pi
2α〈0|DzDz|0〉
=
4pi2α
3
NZ
A− 1
(
〈r2α〉 − 〈r
2
p〉
)
= 2.60± 0.01 mb, (16)
where 〈r2p〉
1/2 = 0.875 ± 0.007 fm [50] and 〈r2α〉
1/2 =
1.673 ± 0.001 fm [51] are the root mean square charge
radii for proton and 4He, respectively.
Energy-weighted integrals
∫∞
Eth
(Eγ)
nσ(Eγ)dEγ with
n = 0 for Eq. (14) and n = −1 for Eq. (16) are listed
in Table I for the four different models of photodisinte-
gration cross sections of 4He(γ,p)3H and 4He(γ,n)3He.
The three models of our recommended fit, i.e., Eqs. (2)
and (3), the fit with all data adopted in this study, and
the standard fit [11] lead to values smaller than the sum
rules, i.e. σ0 = 59.7(1 + κ) MeV mb with κ ≈ 1 for
8the TRK sum rule and σB = 2.60 ± 0.01 mb for the
bremsstrahlung sum rule. We expect that the model us-
ing Eqs. (2) and (3) is closer to the lower limit of true
cross sections in consideration of two sum rules.
In addition to the three models in the second, third
and forth columns in Table I above mentioned, we make
another new fitting function of the cross sections so that
the energy weighted integrals satisfy the two sum rules:
As for low energy cross sections at Eγ <∼ 30 MeV, we
fit the experimental data [36] measured by using quasi-
monochromatic laser-Compton photon beams at AIST.
At higher energy Eγ >∼ 30 MeV, we assume a simple en-
ergy dependence σ(Eγ) = σC(Eγ/29.8 MeV)
−N/2. Re-
sultant parameters are σc = 2.65 mb and N = 5. In
this new model where we require the sum rules, the con-
structed cross sections are typically >∼ 2 times larger than
our recommended ones at 50 MeV <∼ Eγ
<
∼ 135 MeV,
where the upper limit is the meson mass. The both TRK
sum rule and bremsstrahlung sum rule do not apply to
such high energies Eγ >∼ 135 MeV because new degrees of
freedom of mesons as well as nucleons play an important
role and the above two sum rules break down. We can
expect that the constructed cross sections which satisfy
the sum rules are close to the upper limits to the realistic
cross sections.
We compare the primordial abundance calculated with
new cross sections which satisfy the sum rules and that of
our recommended cross sections. In Fig. 7 thick solid and
dashed lines correspond to the results with our recom-
mended and new cross sections of 4He photodisintegra-
tion, respectively. The dark and light gray regions above
the solid and dashed contour lines and below the nucle-
osynthesis plus CMB constraints are the allowed region
where the abundant 6Li is produced. The 6Li produc-
tion occurs more efficiently in the case with larger cross
sections than with smaller ones. This is because the 4He
destruction is more effective for larger cross sections at
higher energies so that the more abundant energetic mass
3 nuclides which synthesize 6Li are produced. For this
reason the 6Li abundance produced by using the large
4He-photodisintegration cross sections which satisfy the
sum rules are presumed to be a maximum yield from the
viewpoint of nuclear structure physics. The allowed re-
gion of the properties of relic X particle in the (τX , ζX)
plane, therefore, should not move even below the light
gray region in Fig 7, and we expect that the reality is
located between the dark and light gray regions.
However, it has been known that σ0 highly depends on
various effects of residual interactions among nucleons
such as the meson-exchange currents [56], the tensor cor-
relations [52, 53], the short-range interactions [54], and
so on. In the case of 4He, the calculated values of σ0 ,
which were integrated out up to Eγ ∼ 135 MeV, have un-
certainty of more than ±10 %, depending on the nucleon-
nucleon potentials and the nuclear models for the ground
state of 4He [54, 55, 57, 58]. In summary, both the exist-
ing experimental data and the theoretical calculations for
the 4He photodisintegration cross section in the energy
FIG. 7: Contours in the (τX , ζX) plane corresponding to the
adopted constraints for the primordial abundances in the cal-
culation with our recommended cross sections of 4He pho-
todisintegration (thick lines) and those satisfying sum rules
(dashed lines). The adopted abundance constraints on light
elements are the same as those in Fig 4. The dark (for our
recommended cross sections) and light (for larger ones) gray
regions above the solid and dashed contour lines, respectively,
and below the nucleosynthesis plus CMB constraints are the
allowed region where abundant 6Li is produced.
range up to ∼ 135 MeV contain large uncertainties, and
therefore a precise measurement of the 4He photodisinte-
gration cross section at Eγ >∼ 30 MeV is highly desirable.
Comprehensive theoretical study of the nuclear structure
and reactions of 4He are also necessary in order to clarify
many unresolved nuclear effects and also refine the ap-
plicability of an empirical formula such as Eq.(1). These
nuclear physics studies would be important to constrain
the life time and the abundance of long-lived relic X par-
ticle more precisely.
IV. SUMMARY AND OUTLOOK
A recent measurement of 4He photodisintegration reac-
tions, 4He(γ,p)3H and 4He(γ,n)3He with laser-Compton
photons shows lower cross sections at low energies than
those estimated by other previous experiments. We stud-
ied the sensitivity of non-thermal BBN of all light ele-
ments D, T, 3He, 4He, 6Li, 7Li and 7Be to the photodis-
integration cross section of 4He.
The change of cross sections of 4He photodisintegration
has an influence on the non-thermal yields of light ele-
ments, D, 3He and 4He, which are related to the photodis-
integration cross sections at low energy (∼ 30 MeV). The
upper limit of allowed regions ofX-abundance parameter
ζX for these light nuclei shifts upward by∼ 300−30 % for
τX = 10
6 − 1010 s for this change of the cross sections.
This arises from the upshift of 3He abundance contour
(See Fig. 4). On the other hand, the non-thermal 6Li
production is not very sensitive to the change of cross
9TABLE I: Energy-weighted Integrals of Photodisintegration Cross Sections σ(Eγ) in Eqs. (14) and (16)
Models for σ(Eγ) Eqs. (2), (3) Fit with All Data
a Cyburt et al. [11]b Sum Rulec
σ0 [MeV mb] 77.7 79.7 84.4 118.
d
σB [mb] 1.94 2.08 2.32 2.60
aEq. (1) with |Q| = 19.8139 MeV,σc = 61.82 mb, a = 4.300, and
b = 1.756 for 4He(γ,p)3H, and |Q| = 20.5776 MeV, σc = 31.38 mb,
a = 3.651, and b = 1.583 for 4He(γ,n)3He.
bEq. (1) with |Q| = 19.8139 MeV, σc = 19.5 mb, a = 3.5, and
b = 1.0 for 4He(γ,p)3H, and |Q| = 20.5776 MeV, σc = 17.1 mb,
a = 3.5, and b = 1.0 for 4He(γ,n)3He.
cThe functions derived by fitting Eq. (1) to the data obtained at
AIST [36] in Eγ <∼ 29.8 MeV are modified at higher energies so
that the energy-weighted integrals satisfy two sum rules; Eq. (1)
with σc = 21.0 mb, a = 1.68, and b = 1.88 for 4He(γ,p)3H, and
σc = 16.8 mb, a = 1.41, and b = 1.73 for 4He(γ,n)3He (for Eγ ≤
29.8 MeV) and σ(Eγ) = 2.65 mb (Eγ/29.8 MeV)−5/2 (for Eγ >
29.8 MeV).
dValue derived from σ0 = 59.7(1 + κ) with κ ≈ 1 [52, 53, 54, 55].
sections at low energy, since the non-thermal secondary
synthesis of 6Li needs energetic photons of Eγ >∼ 50 MeV.
The non-thermal nucleosynthesis triggered by the ra-
diative particle decay is one of candidates of the pro-
duction mechanism of 6Li observed in MPHSs. In the
interesting parameter region of 108 s<∼ τX
<
∼ 10
12 s and
5 × 10−14 GeV <∼ ζX
<
∼ 5 × 10
−13 GeV which satisfies
the 6Li production above the abundance level observed
in MPHSs, the lowering of the photodisintegration cross
sections at low energy Eγ <∼ 30 MeV as measured in the
recent experiment using laser-Compton photons leads to
∼ 10 % reduction of resulting 3He abundance, whereas
the 6Li abundance does not change for the change of the
cross sections of 4He(γ,p)3H and 4He(γ,n)3He.
Let us briefly discuss other impacts of such a pre-
cise cross section measurement. Clarifying the effects
of photodisintegrations of 4He will affect more strongly
the ν-process in core-collapse supernova (SN) explo-
sions through the neutrino-nucleus interactions specifi-
cally of ν+4He. The weak transition rates for 4He(ν, ν’),
4He(νe,e
−), and 4He(ν¯e,e
+) are determined similarly to
the giant electric dipole resonance observed in the pho-
todisintegrations with the help of theoretical calcula-
tion [59]. In fact, several experiments of measuring
the 4He photodisintegration cross sections [36] were car-
ried out for this purpose. The precise knowledge of the
4He(ν,ν’p), (ν,ν’n), (νe,e
−p), and (ν¯e,e
+n) cross sections
is required to determine the unknown parameters for neu-
trino oscillations through the MSW effect on the 7Li and
11B production triggered by the ν+4He reactions [60, 61].
The energy range Eν = 10 − 25 MeV is very important
for the ν-process nucleosynthesis in SNe. The mean neu-
trino energy of SN neutrinos is presumed to be about
10 - 25 MeV in numerical simulations of the neutrino
transfer in core-collapse SNe, and the threshold energies
for all neutrino-induced spallation reactions of 4He are
∼20 MeV. Therefore, the difference between the newly
measured [36] and previous 4He photodisintegration cross
sections at 20 MeV <∼ Eγ
<
∼ 30 MeV could be critical. As
a result, the absolute yields of 7Li and 11B produced in
the ν-process in core-collapse SNe would be different from
one another, depending on the assumed ν-process reac-
tion rates as demonstrated theoretically [59, 62] although
the ratio of 7Li/11B does not change largely.
Another recent focus of photodisintegration of 4He is
on the mechanism of the core-collapse SNe. Most SN
simulations still do not succeed in the SN explosion in
spite of detailed numerical studies of the neutrino trans-
fer calculations inside the core. Haxton [63] proposed
that the neutrino-induced excitations of 4He and heavier
nuclei could deposit extra-energy to the ejected materi-
als and revive the shock wave, which motivated a recent
theoretical study on the role of 4He spallation reactions
in the core-collapse SNe [64]. His theoretical suggestion
also motivated recent experimental studies of photodis-
integrations of 4He [36] in order to estimate the neutrino-
induced reaction cross sections for 4He(ν, ν’), 4He(νe,e
−),
and 4He(ν¯e,e
+).
As such, it is important and even critical to study the
4He(γ,p) and 4He(γ,n) reactions precisely for the discus-
sions of the problem of SN-neutrino oscillation and SN
explosion as well as the cosmological discussion concern-
ing the BBN with a radiative decay of long-lived relic
particles.
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